Mutations in the three genes encoding the heterotrimeric RNase H2 complex cause Aicardi-Goutieres Syndrome (AGS). Our mouse RNase H2 structure revealed that the catalytic RNase H2A subunit interfaces mostly with the RNase H2C subunit that is intricately interwoven with the RNase H2B subunit. We mapped the positions of AGS-causing RNase H2A mutations using the mouse RNase H2 structure and proposed that these mutations cause varied effects on catalytic potential. To determine the functional consequences of these mutations, heterotrimeric human RNase H2 complexes containing the RNase H2A subunit mutations were prepared and catalytic efficiencies and nucleic acid binding properties were compared to the wild-type (WT) complex. These analyses reveal a dramatic range of effects with mutations at conserved positions G37S, R186W, and R235Q reducing enzymatic activities and substrate binding affinities by as much as a 1000-fold, whereas mutations at nonconserved positions R108W, N212I, F230L, T240M, and R291H reducing activities and binding modestly or not at all. All mutants purify as three-subunit complexes further supporting the required heterotrimeric structure in eukaryotic RNase H2. These kinetic properties reveal varied functional consequences of AGS-causing mutations in the catalytic RNase H2A subunit and reflect the complex mechanisms of nuclease dysfunction that include catalytic deficiencies and altered protein-nucleic acid interactions relevant in AGS.
RNASEH2A, RNASEH2B, RNASEH2C, TREX1, and SAMHD1 are known to cause AGS (3) (4) (5) . The RNASEH2A, RNASEH2B and RNASEH2C genes encode the RNase H2 heterotrimeric complex that recognizes and cleaves ribonucleotides present in RNA/DNA duplexes (4, 6) . The TREX1 gene encodes a homodimeric 3'5' DNA exonuclease (7) (8) (9) (10) (11) (12) and the SAMHD1 gene encodes an enzyme of unknown function.
The identification of disease-causing mutations in genes encoding the nucleases RNase H2 and TREX1 provides evidence for the concept that failure to properly process endogenous nucleic acids triggers an interferon-mediated immune response helping to explain the phenotypic overlap of AGS with congenital infection (13) .
Further, there is emerging evidence for a clinical, biochemical, and genetic connection between AGS and related autoimmune disorders including systemic lupus erythematosus indicating that dysfunctional nucleic acid metabolism leads to immune activation and an autoimmune phenotype (14) .
RNase H2 provides the majority of ribonuclease H activity in human cells (15) . All ribonuclease H enzymes specifically recognize RNA/DNA hybrids and hydrolyze the ribonucleotide-containing polynucleotide strand. These enzymes are divided into two major families, type 1 and type 2, based on amino acid sequence similarities and distinguishing biochemical properties that suggest unique in vivo substrates (16) . RNase H2 belongs to the type 2 family which is biochemically characterized by its ability to recognize and cleave a single ribonucleotide within a DNA duplex (17) . The heterotrimeric nature of eukaryotic RNase H2 distinguishes it from other type 2 family members like those found in bacteria and archaea that exist as single polypeptides (18) (19) (20) . Active eukaryotic RNase H2 enzymes have only been recovered when all three subunits are present highlighting the intimate relationship between these proteins in the complex (6, 19, 21) .
The mammalian RNase H2 complex has a critical function in nucleic acid metabolism to prevent immune activation with potential roles in multiple biological pathways. Ribonucleotides that are misincorporated by DNA polymerases during genomic replication create potential adducts that are removed in an RNase H2-dependent repair process thereby preventing replicative stress and genomic instability (22) . RNase H2 and endonuclease FEN-1 cooperate to remove RNA primers from an RNA-DNA duplex similar to what might occur during Okazaki fragment processing (23) (24) (25) .
The direct interaction of RNase H2 with proliferating cell nuclear antigen in the replication apparatus could facilitate either ribonucleotide removal or Okazaki fragment processing (26) . Stable RNA/DNA hybrids between nascent RNA transcripts and the DNA template (R-loops) are generated by RNA polymerases and can promote genomic instability that is resolved by RNase H2 (27, 28) . Additionally, RNase H2 may function to degrade RNA/DNA hybrids during cell death to avoid nucleic acid-mediated immune activation (4) .
Two distinguishable clinical presentations of AGS have been described in patients with mutations in the three genes encoding RNase H2 (13, 29) .
An early-onset neonatal form with clinical features similar to congenital infection is seen mostly in patients with mutations in RNASEH2A and RNASEH2C, as is also the case for patients carrying mutations in TREX1 and SAMHD1. A later onset form of presentation after a significant period of normal development is most frequently seen in patients with RNASEH2B mutations.
Attempts to correlate diminished RNase H2 activities to AGS-causing mutations in heterotrimeric complexes indicate normal levels of ribonuclease H activity in the human (6) and yeast (16, 19) enzymes containing RNase H2B and H2C subunit mutations.
In contrast, activity measurements on the RNase H2A G37S mutant indicate altered nuclease activities dependent upon the specific nucleic acid substrate (6, 30) . Our RNase H2 structure shows the interwoven architecture of the RNase H2B and RNase H2C proteins that interface with the RNase H2A catalytic subunit at a position on the opposite face from the proposed nucleic acid binding site ( Fig.   1 ) (30) . Thus, full catalytic activities in the RNase H2B and H2C mutant enzymes likely point to mechanisms of dysfunction mediated through altered protein-protein interactions rather than catalytic inactivity (6, 16, 19, 30) .
The AGS-causing missense mutations in RNASEH2A encoding the catalytic subunit are distributed throughout the gene (14, 29) . Mutations in RNASEH2A are autosomal recessive with homozygous and compound heterozygous patients exhibiting early-onset neonatal clinical presentation.
To determine the functional consequences of these RNASEH2A mutations we expressed and purified the human RNase H2 mutant heterotrimeric complexes and compared nuclease activities to the WT enzyme. We first performed a detailed kinetic analysis to measure the catalytic and nucleic acid binding properties of the RNase H2 WT enzyme.
These studies revealed the strikingly different individual kinetic constants that govern the RNase H2 cleavage reaction dependent upon the number of ribonucleotides present in the polynucleotide substrate.
The AGS-causing RNase H2A mutations at phylogenically conserved positions exhibit the greatest reductions in enzymatic activities and nucleic acid binding affinities relative to the RNase H2 WT with all substrates tested. In contrast, RNase H2A subunit mutations at positions that are only conserved in the eukaryotic RNase H2 three-subunit complexes exhibit modest or no decreases in enzymatic activities or binding affinities. These results show that AGS-causing RNase H2A subunit mutations exhibit a spectrum of effects on the catalytic competency of this enzyme. Further, multiple mechanisms of RNase H2 dysfunction that include loss of ribonuclease H activity as well as dysfunctional protein-nucleic acid interactions essential to avoid activation of the immune system are indicated. Enzyme preparations -The human RNase H2 WT and mutant heterotrimer complexes were expressed and purified as previously described (6) . Site-directed mutations were introduced into the RNASEH2A gene using QuikChange (31) with the pET-A plasmid and constructs were confirmed by sequencing. The RNase H2A N212I mutation was cloned directly into the pET-A expression plasmid after PCR amplification of mRNA from peripheral blood leukocytes of an AGS patient carrying this allele (Rice and Crow, unpublished) . Purified enzymes were concentrated and stored at -80 O C in 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, and 10% glycerol (Supp. Fig. 2 Reactions were performed at least in triplicate.
EXPERIMENTAL PROCEDURES

Materials
RESULTS
Catalytic efficiency of RNase H2 WT -
The human RNase H2 recognizes and cleaves ribonucleotides within a deoxyribonucleotide polymer by distinct mechanisms dependent upon the number of ribonucleotides present in the heteropolymer substrate. This result is apparent by the different kinetic parameters that govern catalysis as revealed in a steady state kinetic analysis of the human RNase H2 WT using polynucleotide substrates containing 1-, 4-, and 20-ribonucleotides (Fig. 2) . RNase H2 enzymes are unique in their ability to cleave at the 5' side of a ribonucleotide positioned at the RNA-DNA junction in a DNA-RNA-DNA/DNA duplex whether single or multiple ribonucleotides are present (6, 21, 30) . Incubation of RNase H2 WT with increased concentrations of the 20-ribo substrate using steady state kinetic conditions demonstrates preferential cleavage at the RNA-DNA junction. This is apparent by detection of a predominant single band product corresponding to phosphodiester cleavage of the RNA 20 -DNA 10 between the 19 th and 20 th ribonucleotides (rAderCyt) near the RNA-DNA junction (Fig. 2C) . Further, the RNase H2 three-subunit complex exhibits saturation kinetics indicative of its Michaelis-Menten behavior. Incubation of RNase H2 with increased concentrations of the 1-ribo ( Fig. 2A ) and 4-ribo ( Fig. 2B ) substrates shows that higher substrate concentrations are required to saturate the RNase H2 indicating lower binding affinities as the number of ribonucleotides within the DNA-RNA-DNA heteropolymer is decreased. Quantification of these kinetic data shows that K M values for RNase H2 increase from 170 nM using the 20-ribo substrate to 440 nM using the 4-ribo and to > 1500 nM with the 1-ribo substrate (Fig.  2D ). In contrast, the k cat values decrease as the number of ribonucleotides increase (Fig. 2D) . Cleavage of the 20-ribo and 4-ribo substrates results from hydrolysis between two ribonucleotides and cleavage of the 1-ribo substrate results from hydrolysis between a deoxyand a ribonucleotide. These data indicate that cleavage of the preferred DNA-RNA bond using the 1-ribo substrate (k cat value = 35 min -1 ) is ~20 times faster than cleavage of the RNA-RNA bond using the 20-ribo substrate (k cat value = 1.9 min -1 ). Overall, the catalytic efficiencies (k cat /K M ) for RNase H2 cleavage of the three substrates tested are similar.
Equilibrium substrate binding by RNase H2 WT -Equilibrium binding analysis reveals distinct binding mechanisms by RNase H2 WT dependent upon the number of ribonucleotides present in the heteropolymer duplex. A series of FAM-labeled nucleic acid polymer duplexes (Table 1) were incubated with increased concentrations of RNase H2 WT in the presence of non-activating Ca 2+ ion and binding was measured by fluorescence anisotropy (Fig. 3) . The observed changes in fluorescence anisotropy indicate binding to the 1-ribo, 4-ribo, and 20-ribo duplexes with very different affinities. Quantification of these binding isotherms indicates that RNase H2 WT binds the 20-ribo duplex (K D value ~0.5 nM) with a ~50-fold greater affinity than to the 1-ribo duplex (K D value = 23 nM). The binding affinity of RNase H2 measured for the 1-ribo duplex was only slightly greater than that for a DNA duplex (K D value = 45 nM). These RNase H2 binding data parallel the steady-state kinetic data demonstrating that the number of ribonucleotides contained within the heteropolymer substrate directly impacts the nucleic acid binding affinities as reflected in the K D and K M values.
Positions of the AGS-causing RNase H2A subunit mutations -The RNase H2A subunit AGS-causing mutations were mapped onto our mouse RNase H2 structure (30) showing that these altered residues are dispersed throughout the protein (Fig. 1) . Structural determination of the mouse RNase H2 identified the four conserved acidic residues in the active site and provided the basis for a model of the proposed two-metal ion mechanism of phosphodiester bond cleavage at an RNA/DNA junction within a polynucleotide. Location of the ten currently known AGS-causing mutations in the RNase H2A protein relative to the catalytic center and proposed substrate binding site suggested that some mutations were likely to have a large impact on catalytic function, while others were much less likely to affect activity. This hypothesis was further supported by a structurebased sequence alignment of RNase H2/HII enzymes from diverse species using the mouse RNase H2A to determine the level of conservation at sites of AGS-causing mutations (Supp. Fig. 1 ). Together, our structural model and sequence alignment analyses suggested that varied functional consequences on the catalytic potential of the RNase H2 enzyme were likely, but the precise effect of these AGS-causing mutations on catalytic function had not been established.
The ribonuclease H activities of RNase H2A mutants -Eight AGS-causing RNase H2A missense mutants were purified as heterotrimeric complexes and activities were first examined using the 1-ribo substrate (Table 1, Fig. 4) . Incubations with increased enzyme concentrations up to 400 nM demonstrate measurable ribonuclease H activity for all the RNase H2A AGS-causing mutants. This result contrasts the complete loss of enzymatic activity exhibited upon mutation of the four acidic residues that coordinate divalent metal ions required for catalysis (30) . Mutations at highly conserved positions in RNase H2A G37S, R186W, and R235Q are dramatically reduced in enzyme activity (Fig. 4) , while mutations at nonconserved positions R108W, N212I, F230L, T240M, and R291H are only moderately reduced or exhibit activities indistinguishable from WT (data not shown).
The relative activities of the eight AGScausing RNase H2A missense mutants were then precisely quantified using the 1-ribo, 4-ribo, and 20-ribo substrates ( Table 2 ). These analyses show that the mutants exhibit a spectrum of ribonuclease H activities ranging from nearly 1000-fold reduced levels to WT activity. The magnitude of the activity reduction is dependent upon the substrate used for analysis. The RNase H2A mutants that exhibit the most dramatic reduction in activity relative to WT reveal this loss of catalytic function most prominently using the 1-ribo substrate. For example, G37S and R186W exhibit 1/210 and 1/160 the levels of WT activity using the 1-ribo substrate, respectively, and 1/3 and 1/8 the levels of WT activity using the 20-ribo substrate. R235Q exhibits the most dramatic reduction in activity and this loss of catalytic function is apparent using all substrates tested. The RNase H2A mutations at non-conserved positions R108W, N212I, F230L, T240M, and R291H exhibit moderately lower or equivalent activities relative to WT. Reduced activities detected in the AGS-causing mutations at non-conserved residues were only detected using the 1-ribo substrate.
Catalytic efficiencies of RNase H2A mutants -The catalytic efficiencies of the RNase H2A mutants were determined to reveal the specific mechanism of enzyme dysfunction. A steady state kinetic analysis demonstrates the large variations in catalytic efficiencies exhibited by the AGS-causing RNase H2A subunit mutants using the 1-ribo substrate (Fig. 5) . The catalytic efficiencies (k cat /K M ) of AGS-causing mutants were estimated from the linear portions of the Michaelis-Menten curves and directly compared to WT (Table 3) .
Mutations at non-conserved positions N212I and R291H exhibit kinetic behavior indistinguishable from WT; whereas mutations at conserved positions G37S, R186W, and R235Q exhibit the greatest variation from WT with nearly undetectable activities. The RNase H2A F230L and T240M exhibited catalytic efficiencies 10-fold lower than WT. The varied catalytic efficiencies exhibited by these AGScausing mutations are consistent with the positions of these mutant residues relative to the active site, proposed nucleic acid binding site, and levels of amino acid conservation in the RNase H2A subunit.
Equilibrium binding analysis of RNase H2A mutants -Equilibrium binding analysis reveals altered binding affinities by the RNase H2A mutants. The FAM-labeled 1-ribo, 4-ribo, and 20-ribo nucleic acid polymer duplexes were incubated with increased concentrations of the WT and mutant enzymes in the presence of Ca 2+ and binding was measured by fluorescence anisotropy. Quantification of these binding data is summarized in Table 4 . Similar to the WT, all RNase H2A mutants exhibit a greater binding affinity for substrates containing more ribonucleotides as indicated by the lower K D values measured as the number of ribonucleotides within the RNA-DNA hybrid is increased. For example, the RNase H2A G37S exhibits an ~20-fold greater affinity for the 20-ribo substrate (K D value = 7 nM) compared to the 1-ribo substrate (K D value = 120 nM). Thus, RNase H2A WT and mutants exhibit greater binding affinities for heteropolymer substrates containing more ribonucleotides further confirming the different binding mechanisms exhibited dependent upon the number of ribonucleotides present in the substrate. A comparison of the relative binding affinities exhibited by WT and mutants on these three substrates indicates that the RNase H2A mutants exhibit the greatest levels of reduced binding using the 20-ribo substrate. For example, the RNase H2A R235Q exhibits an 8-fold lower binding affinity using the 1-ribo substrate compared to WT and this same mutant exhibits a 100-fold lower binding affinity using the 20-ribo substrate. Thus, these equilibrium binding analyses reveal dramatically different relative binding affinities in the RNase H2 mutant enzymes dependent upon the composition of the heteropolymer.
DISCUSSION
RNase H2 is a heterotrimeric enzyme complex. Mutations in any one of the three genes encoding the human RNase H2 cause the neurological disorder AGS prompting our investigations into the functional consequences of these mutations. In previous studies we generated the human and mouse RNase H2 heterotrimeric complexes by co-expression of the RNASEH2A, RNASEH2B, and RNASEH2C genes in bacterial cells and demonstrated the ribonuclease H activity in vitro (6, 30) . Most AGS-causing RNase H2 mutations are located in subunits H2B and H2C (13, 29) . Attempts to correlate diminished ribonuclease H activity in AGS-causing alleles have demonstrated that mutations in subunits H2B and H2C yield heterotrimeric complexes exhibiting ribonuclease H activities indistinguishable from RNase H2 WT enzyme (6, 19, 26) .
Some AGS disease mutations destabilize the RNase H2 complex (32) . These results suggest that the mechanisms of RNase H2 dysfunction in AGS involving the H2B and H2C subunits are mostly mediated through altered protein-protein interactions that disrupt complex formation and cellular functions. In contrast, there is evidence that AGS-causing mutations in the RNase H2A catalytic subunit alter nuclease specificity and enzymatic activity (6, 19, 26, 30) .
The studies presented here demonstrate that AGScausing mutations in the RNase H2A subunit cause varied levels of catalytic dysfunction. The varied levels of biochemical dysfunction exhibited by these RNase H2A mutants is coupled with the paucity of RNASEH2A mutant alleles and similar early-onset phenotypes of these patients. Collectively, these data illustrate the challenges to explain the complex mechanisms of RNase H2 dysfunction in AGS that cannot always be simply attributed to loss of enzymatic activity but lead to nucleic acid accumulation and immune activation.
Our biochemical and structural studies of the mammalian heterotrimeric RNase H2 were first to offer insight into the potential consequences on catalytic function of the AGScausing mutations (6, 30) . The mouse RNase H2 structure, modeled with a nucleic acid substrate, indicated that the catalytic H2A subunit interfaces with the H2C/H2B subunits on the opposite face of the protein from the position of the active site and nucleic acid-binding surface (Fig. 1) . Thus, the AGS mutations identified in subunits H2B and H2C are located a considerable distance from the active site and the predicted nucleic acid-binding interface, helping to explain the full catalytic activity measured in these mutant complexes. When we mapped the RNase H2A subunit AGScausing mutations onto our mouse structure the positions of these mutations predicted varied effects on catalytic efficiencies. The RNase H2A G37S, R186W, and R235Q mutations are in close proximity to the active site (Fig. 1) and are phylogenetically conserved (Supp. Fig. 1 ). The flexible G37 residue aids in a turn at the end of the β2 strand and the R186 and R235 residues position above and below to stabilize this turn. The recently described monomeric T. maritima RNase H2 in complex with nucleic acid (20) is nearly identical to the mouse RNase H2A structure. This closely related structure identifies G37 in the 'GRG motif' (residues G37-R38-G39 in mammalian RNase H2A; G21-R22-G23 in T. maritima RNase H2) responsible for recognition of the substrate RNA-DNA junction and confirms the critical role of the R186 and R235 residues (R141 and R182 in T. maritima RNase H2) in stabilizing this structural element. The G37S, R186W, and R235Q AGS mutations exhibit the most dramatic reductions in RNA-DNA hybrid cleavage activity (Table 2 ). This loss of catalytic activity was greatest for the G37S and R186W mutants using the 1-ribo substrate whereas the R235S mutation was most impacted using the 20-ribo substrate. In addition, our previous work demonstrated the altered specificity exhibited by the G37S mutant (6) . Thus, the greatly reduced catalytic activities and altered specificities detected in the RNase H2A G37S, R186W, and R235Q AGS mutations are explained by structural perturbations caused by these mutations near the active site.
The RNase H2A T240M and N212I AGScausing mutations exhibit relatively modest or undetectable effects on catalytic and binding activities that are partly explained by the positions of the mutant residues and the nucleic acid substrate composition. The RNase H2A T240 residue (P187 in T. maritima RNase H2 (20) ) is located at the end of a helix in position to make contact with the phosphodiester backbone of the non-cleaved DNA strand in the duplex substrate, directly opposite the site of cleavage. Thus, the T240 residue likely contributes to recognition and binding of the RNA/DNA duplex structure characteristic of ribonuclease H enzymes. There is structural conservation in this region between the RNase H2A and T. maritima RNase H2 despite the considerable sequence variation. The RNase H2A T240M AGS-causing mutant exhibits a ~60-fold reduction in binding affinity using the 20-ribo substrate and more modest 6-fold and 2-fold reductions in affinity for the 4-ribo and 1-ribo substrates, respectively (Table 4) . These different levels of substrate binding perturbation might be explained by the different duplex structures dependent upon the number of ribonucleotides present in the heteropolymer strand. The RNase H2A T240M mutant exhibits WT activity using the 4-ribo and 20-ribo substrates and a ~10-fold reduced activity using the 1-ribo substrate ( Table  2) . A possible explanation for these results is that an apparently modest reduction in binding affinity of RNase H2 for the 1-ribo substrate has a relatively large impact on the correct positioning of the scissile bond due to the adjacent duplex DNA structure that is instead DNA/RNA duplex in the 4-ribo and 20-ribo substrates.
The RNase H2A N212 residue (T165 in T. maritima RNase H2 (20)) is positioned on a loop that potentially contacts the minor groove in the region of duplex DNA binding.
The loop containing N212 in RNase H2A is structurally conserved in the T. maritima enzyme but unlike the mammalian enzyme there are no amino acid side chains extending toward the DNA, suggesting a potentially unique function for N212 in RNase H2A. The AGS-causing RNase H2A N212I mutation has little measured effect on enzyme function. Our results show that the RNase H2A N212I retains full catalytic activity (Tables 2 and  3 , Fig. 5 ) and exhibits only modest levels of reduced nucleic acid binding affinity (Table 4) . It is possible that the RNase H2A N212 residue contributes to the detection of structural distortions like ribonucleotides within duplex DNA through minor groove interactions. N212 is on the same loop as Y210 (Y163 in T. maritima RNase H2) an important residue in binding the 2'-OH of the junction ribonucleotide (20) . Our results using limited nucleic acid substrates do not reveal an obvious catalytic dysfunction.
The catalytic competency of this AGS-causing mutation suggests an unidentified nucleic acid substrate or protein interaction as the mechanism for nucleicacid mediate immune activation.
The RNase H2A F230L, R108W, R291H AGS-causing mutations are located on structural elements that are unique in the mammalian RNase H2A subunit and are located at distant sites from the active center. The RNase H2A F230 is positioned in a hydrophobic center between a pair of H2A helices and appears to anchor a unique H2A extended loop that interfaces with subunit H2C. Our results show that the RNase H2A F230L exhibits modest reductions in catalytic activity (Tables 2 and 3 , Fig. 5 ) and modest levels of reduced nucleic acid binding affinity (Table 4) . Mutation of F230 to Leu might contribute to reduced stability of the hydrophobic core in this region that could impact indirectly on nucleic acid binding and catalysis. The H2A helices that are stabilized by F230 contain the T240 and N212 residues located more closely to the nucleic acid substrate. It is also possible that the F230L mutation reduces stability of the H2A:H2C interface critical for heterotrimeric complex formation.
The RNase H2A R108W and R291H complexes exhibit catalytic activities (Tables 2  and 3 , Fig. 5 ) and nucleic acid binding affinities (Table 4 ) nearly equivalent to WT enzyme. The RNase H2A R108 is located on a unique loop that interfaces with the H2C subunit.
A recent structure of the human RNase H2 complex (PDB ID: 3P56) (32, 33) confirms the R108 interaction with the H2C subunit and indicates specific contacts with the H2C L134 and E135 residues. Also, the human RNase H2 structure locates RNase H2A R291 more than 50Å removed from the active site positioned to interface with the H2B and H2C subunits. These structural data and our kinetic studies that demonstrate the robust catalytic activities of the RNase H2A R108W and R291H complexes support a mechanism of dysfunction in AGS mediated by dysfunctional RNase H2 heterotrimer formation or by altered protein-protein interactions.
In summary, we present data that further support a complex multi-mechanistic view of RNase H2 dysfunction in AGS. There are now at least thirty identified AGS-causing mutations mapping to all three genes encoding the RNase H2 heterotrimeric complex. The mutants locating to the H2B and H2C subunits exhibit robust catalytic function in vitro supporting a non-catalytic mechanism of dysfunction. Our results now show that some of the catalytic H2A subunit mutants also exhibit robust activities whereas several exhibit severely reduced levels of activities. Additional studies are required to identify the various mechanisms of RNase H2 dysfunction in AGS. FIGURE 2. Catalytic efficiency of RNase H2 WT using various nucleic acid substrates. The RNase H2 WT (500 pM) was incubated in reactions with increased concentrations of (A) 1-ribo at 0, 10, 20, 50, 100, 250, 500, 1000 nM; (B) 4-ribo at 0, 20, 50, 100, 250, 500, 1000 nM; and (C) 20-ribo at 0, 10, 20, 50, 100, 250, 500, 1000 nM RNA-DNA substrates. Reaction products were subjected to electrophoresis on 23% polyacrylamide gels (insets) indicating that only the initial cleavage products (arrow) are detected under these conditions. The products were quantified and reaction rates (nM/min) were plotted against RNA-DNA concentrations. The data were fit to a single hyperbola to calculate the kinetic constants k cat and K M . The RNase H2 WT steady state kinetic data (D) for triplicate reactions on each substrate indicate variations in k cat and K M yield overall efficiencies (k cat /K M ) that are similar for each substrate. , and R291H () were incubated with increased concentrations of the 1-ribo RNA-DNA substrate. Reaction products were subjected to electrophoresis on 23% polyacrylamide gels and the products were quantified as described under "Experimental Procedures." Reaction rates (min -1 ) were plotted against 1-ribo substrate concentrations. The second order rate constant (k cat /K M ) was estimated from the slope of the linear portion of the steady state reaction that could be clearly defined for all RNase H2A mutants (Table  3) . 
a Ribonucleotides are indicated in lowercase. All single-stranded oligonucleotides were annealed to the reverse complement at a1:1 molar ratio. Duplex formation was confirmed by visualization using a non-denaturing PAGE. To precisely quantify activities each enzyme was assayed as described under "Experimental Procedures" in triplicate at four different concentrations that converted less than 30% of substrate to product. Plots of activity vs. enzyme concentrations confirmed linearity of the assays and generated the enzyme activity values. The average activities (pmol product/min/pmol enzyme) and standard errors for RNase H2 WT and mutants are shown. b The relative activity was calculated as: Relative activity = 1/[(pmol of product/min/pmol of WT enzyme)/(pmol of product/min/pmol of mutant enzyme)]. Table 1 
